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Taipei, TaiwanABSTRACT The membrane-bound component F0, which is a major component of the F0F1-ATP synthase, works as a rotary
motor and plays a central role in driving the F1 component to transform chemiosmotic energy into ATP synthesis. We conducted
molecular dynamics simulations of b2-free F0 in a 1-palmitoyl-2-oleoyl-phosphatidylcholine lipid bilayer for tens of nanoseconds
with two different protonation states of the cAsp-61 residue at the interface of the a-c complex in the absence of electric ﬁelds and
under electric ﬁelds of50.03 V/nm across the membrane. To our surprise, we observed that the upper half of the N-terminal helix
of the c1 subunit rotated about its axis clockwise by 30
. An energetic analysis revealed that the electrostatic repulsion between
this N-terminal helix and subunit c12 was a major contributor to the observed rotation. A correlation map analysis indicated that
the correlated motions of residues in the interface of the a-c complex were signiﬁcantly reduced by external electric ﬁelds. The
deuterium order parameter (SCD) proﬁle calculated by averaging all the lipids in the F0-bound bilayer was not very different from
that of the pure bilayer system, in agreement with recent 2H solid-state NMR experiments. However, by delineating the lipid prop-
erties according to their vicinity to F0, we found that the SCD proﬁles of different lipid shells were prominently different. Lipids close
to F0 formed a more ordered structure. Similarly, the lateral diffusion of lipids on the membrane surface also followed a shell-
dependent behavior. The lipids in the proximity of F0 exhibited very signiﬁcantly reduced diffusional motion. The numerical value
of SCD was anticorrelated with that of the diffusion coefﬁcient, i.e., the more ordered lipid structures led to slower lipid diffusion.
Our ﬁndings will help elucidate the dynamics of F0 depending on the protonation state and electric ﬁeld, and may also shed some
light on the interactions between the motor F0 and its surrounding lipids under physiological conditions, which could help to ratio-
nalize its extraordinary energy conversion efﬁciency.INTRODUCTIONThe Hþ-ATP synthase is one of the molecular motors that
have received a great deal of attention for a long time.
This enzyme catalyzes the oxidative phosphorylation reac-
tion for ATP synthesis. By hydrolyzing ATP, this enzyme
can also function as a proton pump across the membrane.
The Hþ-ATP synthase can be divided into the membrane-
bound component F0 and the solvent-exposed component
F1. Some experiments have provided direct visualizations
of the rotational motions of F1 (1) and F0 (2–4).
In electron spectroscopic images, the F0 sector from
Escherichia coli shows a deltoid-like structure (5). The F0
complex a1b2cn can be reconstituted into phospholipid vesi-
cles with proper proton translocation and F1 binding proper-
ties (6). The symmetric mismatch between F1 (a3b3) and F0
(c10–15) seems to be melded by soft elastic power transmis-
sion (7–9) mediated by the stalk subunits g and b2 (10),
and possibly contributions from other subunits. Reviews
on the structure and function of F0 have been published
(11,12). It is recognized that the transmembrane voltage
acting on the F0 sector plays crucial roles in the function
of ATP synthase (13). The transmembrane potential acts
on the c ring, causing the rotational motion with respect to
subunit a. It was recently verified that Dj and DpH areSubmitted April 15, 2009, and accepted for publication November 13, 2009.
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0006-3495/10/03/1009/9 $2.00equivalent driving forces for translocation of the proton
across the biomembrane (14). Three types of F0 subunits
are required for proton conduction (6,15); however, the
b subunits are believed to specifically contribute to energy
storage, in the form of elastic energy. In E. coli, the two
b subunits are identical and form a parallel a-helical coiled
coil (16). The results of electron microscopic, cross-linking,
and fluorescence resonance energy transfer experiments sug-
gested that the b2 subunits do not have direct contact with the
a-c interface (17–19). More recent experiments showed that
subunits a and b alone can form stable ab2 complexes (20),
which indirectly supports the notion that the b2 subunits do
not need to bind to the c ring. In addition, it was found
that the transmembrane part of subunit b is sufficient for
proton translocation activity, provided that the a-c complex
has been preformed (21).
Despite the outstanding role played by this enzyme, inves-
tigations into the interactions of the F0 component with the
membrane lipid bilayer have been rather limited (22). In
particular, there has been no simulation of the dynamics of
F0 with varying membrane potentials across the membrane.
Previous steered molecular dynamics (MD) simulations of
isolated F1 (23) and isolated F0 component (24) applied
the torques along the molecular symmetric axis to accelerate
the conformational changes and relative motions of the resi-
dues of proteins. As mentioned above, the pH gradient and
the voltage difference across the inner membrane togetherdoi: 10.1016/j.bpj.2009.11.025
cytoplasm
(F1-facing side)
1010 Lin et al.constitute the electrochemical potential, and therefore it
remains of major interest to see the ‘‘unsteered’’ or ‘‘natural’’
behavior of F0 in the presence of external electric fields.
At present, no x-ray crystallographic structure is available
for the complete F0 complex of the ATP synthase. The
x-ray structures of the c ring of the F-type Naþ-ATPase
from Ilyobacter tartaricus (25) and the c ring of Hþ-ATP syn-
thase from Spirulina platensis (26) are available, but the func-
tional mechanism cannot be elucidated without the presence
of the a subunit (27). To date, the model of the a-c complex
constructed by Rastogi and Girvin (28) is the only structure
of the membrane-bound F0 section that contains these two
essential elements for proton translocation. The protonation
states of some important residues are crucial for the function
of the F0 sector. One essential amino acid residue is Asp-61 on
the c subunit in all 12 copies (29,30). Deletion of this residue
will abolish the enzyme activity (29). Another essential amino
acid residue is Arg-210 of the a subunit. The Rastogi-Girvin
model represents the a-c complex at pH 8, and Asp-61 of the
c subunit nearest to the a subunit is not protonated.
In this study, we conducted MD simulations of this a-c
complex model with an explicit lipid bilayer to refine the orig-
inal model, and to investigate the behavior of water molecules
in subunit a that were missing in the original protein-only
model. We were particularly interested in observing the onset
of helical motion in the c ring upon the change of the proton-
ation state of Asp-61 of the c1 subunit, which is the essential
element of the Boyer’s binding-change mechanism. To inves-
tigate the influence of transmembrane potential and pH
gradient on the structure and dynamics of the a-c complex,
we applied different electric fields along the membrane
normal. A principal component analysis (PCA) and correla-
tion map analysis were performed to extract important
dynamical information about the system. To unravel the
protein-lipid interactions in this system, we calculated the
deuterium order parameter and later diffusion coefficients
according to the lipid shells surrounding F0.periplasm
FIGURE 1 Molecular graphics of the simulation system of the rotary
motor F0 embedded in a POPC phospholipid bilayer in the explicit water
environment. Yellow helices: c subunits; purple helices: a subunit; orange
spheres: phosphate atom on the lipid headgroup; blue spheres: nitrogen
atoms on the lipid headgroup; blue licorices: water molecules. The z direc-
tion is from the cytoplasmic side to the periplasmic side.MATERIALS AND METHODS
System setup of membrane-bound b2-free F0
systems
We adopted the model constructed based on NMR and chemical cross-link-
ing data for F0 (Protein Data Bank code: 1c17) published by Rastogi and
Girvin (28), which encompasses both the a and c subunits. The entire b2
subunit and the first 102 amino acids of the a subunit were not included
in the Rastogi-Girvin model. However, this model included all the essential
components for proton translocation. As noted above, experimental
evidence indicates that the b2 subunits may not have direct contact with
the a-c interface. The missing N-terminal segment of the a subunit is also
far from the a-c interface. This model represents a structure of b2-free F0
at a pH of 8, where the Asp-61 of the c subunit nearest to the a subunit is
deprotonated. The F0 component in this cAsp-61 protonation configuration
is described as being in the ‘‘locked’’ state. In contrast, if all cAsp-61 resi-
dues are protonated, it is in the ‘‘unlocked’’ state.
In a previous study, the inner lumen of the c ring was found to be filled
with phospholipids (31). However, the exact number of phospholipidsBiophysical Journal 98(6) 1009–1017within the c ring is not certain, and it may be dependent on the stoichiometry
of the c subunits. We therefore tried to insert various numbers of lipid mole-
cules, ranging from three to 10 lipids per monolayer, into the central cavity
of the c ring. We found that, with seven lipid molecules for each monolayer
in the inner lumen, the root mean-square deviation (RMSD) of the c ring
from the original NMR structure after the 2-ns simulation was minimal. In
all of these simulations, energy minimization was first carried out for 600
steps with the steepest-descent method. Then a 2-ns simulation at 315 K
was performed with restraints on all of the protein atoms except hydrogen
atoms, and finally another 2-ns simulation was carried out without restraints.
Fig. 1 shows the equilibrated system with the c ring structure closest to the
original Rastogi-Girvin model.
As depicted in Fig. 2, the cavity of the c subunit is well packed with lipids.
It is worthwhile to mention that the c ring in the Rastogi-Girvin model is not
perfectly circular, in contrast to the x-ray structure, which may reveal the
structural influence of the a subunit on the c ring. Chlorine ions were added
to neutralize the system. The final energy-minimized system was 147 
129  85 A˚3 in size and included the ac12 complex, 451 1-palmitoyl-2-
oleoyl-phosphatidylcholine (POPC) lipids, 25,247 water molecules, and
16 chlorine ions, yielding a total system of 109,378 atoms. The hydration
level was ~56 water molecules per lipid. The protein/lipid molar ratio in
our system is ~1:3, which is a very high protein concentration.MD simulation protocols
After an 8-ns MD simulation without restraints, we applied an electric field
in the z (þEz) and negative z (Ez) direction, respectively, to observe the
effects of electric fields in different directions. The z axis is defined as the
direction from the cytoplasmic side to the periplasmic side. The top side
of the c ring, i.e., the binding site of F1, is also pointing toward the z direc-
tion. The strength of electric field applied on to the membrane is 0.03
(V/nm), which is within the range of the physiological values (32,33). Three
MD cases—one with no electric field (designated zero field), one with elec-
tric field Ez ¼ 0.03 V/nm (designated Ez), and one other electric field
Ez ¼ 0.03 V/nm (designated Ez)—were conducted for 12 ns for
both proton configurations of cAsp-61 at the a-c interface. The total simula-
tion time for the zero-field case was 20 ns. The dimensions of the three
cases were 138.3  121.3  87.3 A˚3, 137.6  120.7  88.7 A˚3, and
FIGURE 2 The c ring filled with lipids inside its central cavity. The c ring
is represented by molecular surfaces colored by the electrostatic potential
(red indicates negative potential, blue indicates positive). (A) Side view.
The c ring is oriented in the direction in which the F1 will bind from the
top. Two c subunits were removed for better visual clarity. (B) Top view.
(C) Bottom view. The lipids inside the c ring are closely packed.
FIGURE 3 Structure alignment of F0 in the locked state at the 8th-ns snap-
shot (yellow and purple) with the initial structure (the Rastogi-Girvin
model). The RMSD is 3.208 A˚. (A) Side view. (B) Top view.
F0 under Electric Fields 1011137.7 120.8 88.4 A˚3, respectively. Other details of the simulation proto-
cols are provided in the Supporting Material.
Deﬁnitions of lipid shells
It is conceivable that the nearness of lipids with respect to the F0 protein is
crucial for their structural and dynamical properties. The lipid shells weredefined according to the van der Waals contacts with the more inner compo-
nent of the system: the lipids are defined as the first shell if they have direct
van der Waals contacts with the F0 protein, as the second shell if they have
direct van der Waals contact with the first shell lipids, and so on, which is
similar to the hydration shells defined on the membrane surface (34). To
avoid the boundary effect, lipids close to the simulation box boundaries
were not selected. A total of five lipid shells were analyzed in this study.RESULTS AND DISCUSSION
Stability and reﬁnement of the Rastogi-Girvin
model in the lipid bilayer
First, we investigated the locked-state F0 system. In our
simulations, the lipid bilayer structure remained intact and
no water molecules permeated through the central region
of the c ring, indicating close packing of the lipids within
the inner lumen. Fig. 3 shows the structure alignment of
the F0 protein structure of the 8th-ns snapshot with the initial
Rastogi-Girvin model.
The overall architectures of F0 in different protonation
states and under the electric fields in this study are remark-
ably stable. The RMSD of the a-carbon atoms of the F0
protein and the a subunit only, and the radius of gyration
of the c ring for the locked and unlocked cases can be found
in Fig. S1 and Fig. S3.Biophysical Journal 98(6) 1009–1017
TABLE 1 Average tilt angle (in degrees) of each c subunit in
the locked state
Subunit
Initial
structure Ez ¼ 0 V/nm Ez ¼ 0.03 V/nm Ez ¼ 0.03 V/nm
c1 5.990 9.610 9.868 9.887
c2 1.070 3.518 3.472 3.663
c3 2.999 3.428 2.400 2.521
c4 4.854 4.963 4.643 4.791
c5 6.318 2.860 2.276 3.192
c6 7.640 3.662 4.697 6.266
c7 8.132 5.220 6.779 8.702
c8 7.678 5.687 6.375 7.111
c9 6.841 4.577 4.737 6.322
c10 5.399 6.574 7.309 8.571
c11 4.757 5.935 6.461 7.428
c12 3.955 6.034 5.314 6.101
Trajectories from the 8th to the 20th ns were taken to average the tilt angles.
1012 Lin et al.The tilt angles (defined as the helical axis of each subunit
cn with respect to the membrane normal) are listed in Table 1.
The helical axis can be determined by calculating the longest
eigenvector of the moment of inertia tensor. After the MD
simulation, the tilt angles of seven units (c1–c4 and c10–c12)
become slightly larger than those of the original structure.
These subunits are closer to the a subunit than the other
five subunits (c5–c9) with decreased tilt angles, reflecting
the influence of asymmetry due to the presence of the
a subunit. The effect of external electric fields is only
modest.
In each c subunit, both the N- and C-terminal helices are
bent due to the presence of Gly-23 and Pro-64, respectively.
The kink angles for each c subunit are shown in Table 2.
After the MD simulation, the kink angles of each C-terminal
helix of the c subunits, except for the c1 and c2 subunits,
became larger. On the other hand, the kink angle of the
N-terminal helix of each c subunit did not change signifi-
cantly after the simulation.
Four histograms of the distance between the atom pairs of
the residues that may lie on the possible proton translocation
pathways within the a subunit (35,36) are provided inTABLE 2 Average kink angles between the two bent segments of t
Subunit
Initial
N
Structure
C
Ez ¼ 0
N
V/nm
C
c1 9.692 29.288 17.605 24.445
c2 8.814 19.962 17.573 9.887
c3 8.779 20.028 16.913 35.332
c4 8.818 20.021 16.237 31.389
c5 8.663 19.916 16.374 33.750
c6 8.769 19.934 11.225 25.610
c7 8.518 20.017 6.362 37.131
c8 8.605 20.052 7.518 35.487
c9 8.812 19.848 9.610 30.132
c10 8.607 19.923 13.641 22.707
c11 8.763 19.989 13.825 30.528
c12 8.899 19.907 7.387 29.231
The two segments of the N-terminal helices are from Asn-3 to Gly-23 and from
Ile-46 to Pro-64 and from Pro-64 to Val-74.
Biophysical Journal 98(6) 1009–1017Fig. S10 and Fig. S11. The hydrogen bond between Asp-
61 and Arg-210 is more stable when F0 is in the locked state.
Histogram analyses of the pair distance between residues that
lie on the proton translocation pathways can also be obtained
from Fig. S13.
Rotation of the N-terminal helix of the c1 subunit
Fig. 4 illustrates the locations of Ala-24, Ile-28, and Asp-61
in subunits c1 and c12 of the original Rastogi-Girvin model,
in the final snapshot of the locked state without electric field,
the final snapshot of the unlocked state without electric field,
and the final snapshot of the unlocked state in the presence of
electric field þEz, respectively. It reveals that the conforma-
tion transition of the N-terminal (or TM1) helix of the c1
subunit occurred after Asp-61 was protonated. Fig. S18
depicts the time course of the angle between the two normal
vectors of the planes, defined by the a-carbon atoms of the
three residues (Ala-24, Ile-28, and Asp-61), in the initial
Rastogi-Girvin model and the MD snapshot. To confirm
that this conformational transition of the N-terminal helix
of the c1 subunit was reproducible, two more simulations
with different initial velocities on each atom were conducted.
Both additional simulations confirmed the rotation of the
upper part of the N-terminal helix. On the contrary, however,
the C-terminal helix of the c1 subunit did not appear to
undergo significant conformational changes in these simula-
tions. If the rotation of the C-terminal helix is required for the
function of F0, as proposed by Rastogi and Girvin (28), the
rotation of the N-terminal helix observed in the simulation
may reflect the existence of an intermediate state. In contrast,
when the F0 is in the locked state, the relative locations of
Ala-24, Ile-28, and Asp-61 remain intact and do not depend
on the applied electric fields.
To further determine whether the N-terminal helix was
rotated altogether or twisted at the hinge residue Gly-23,
we performed a PCA. Because the conformational transition
described in Fig. S18 reached its final state in ~2 ns, only this
period of simulations was analyzed by PCA, and thehe N- or C-terminal helices
Ez ¼ 0.03
N
V/nm
C
Ez ¼ 0.03
N
V/nm
C
15.524 21.412 14.374 21.374
17.770 8.282 15.794 9.490
18.945 32.165 20.036 35.313
16.938 32.749 16.020 32.588
19.842 33.881 19.633 36.767
9.833 22.394 10.770 28.376
6.385 33.860 6.920 32.132
11.328 37.731 7.390 32.173
10.468 29.588 9.678 32.719
14.964 24.741 15.117 17.609
14.960 29.489 14.145 28.869
5.728 34.164 7.538 37.824
Gly-23 to Gly-38, and the two segments of the C-terminal helices are from
FIGURE 4 Locations of c1 (yellow), c12 (gray), and a4 and a5 subunits of
the a-c complex of the initial structure and final structures of the MD simu-
lations. (A) Initial structure. (B) Ez¼ 0 V/nm, locked state. (C) Ez¼ 0 V/nm,
unlocked state. (D) Ez ¼ 0.03 V/nm, unlocked state. Asp-61, Ala-24, Ile-28,
and Arg-210 are shown in sticks and balls.
FIGURE 5 Porcupine plots of three MD simulations in the unlocked state
based on the PCA-1 eigenvector projected on the membrane plane for the
two segments of the N-terminal (A, C, and E) and C-terminal (B, D,
and F) helices of c1, viewed from the top. (A and B) Ez ¼ 0 V/nm.
(C and D) Ez ¼ 0.03 V/nm. (E and F) Ez ¼ 0.03 V/nm. Residue number
of the two segments of the N-terminal helix: 1–23 (up) and 24–36 (down).
Residue number of the two segments of the C-terminal helix: 51–64 (up) and
65–79 (down).
F0 under Electric Fields 1013corresponding porcupine plots were made. The porcupine
plots illustrate the direction and magnitude of the covariance
vectors on the a-carbon atom of each residue (37,38). Fig. 5
shows the top views of porcupine plots of two segments of
the c1 subunit based on the PCA-1 eigenvector projected
on the membrane plane. The porcupine plots illustrate that
the N-terminal helix of c1 subunit has undergone a twisting
motion.
It is important to delineate which factors caused Ala-24
and Ile-28 to move away from Asp-61. We therefore calcu-
lated the Coulomb and van der Waals energies between the
TM1 of the c1 subunit and the surrounding helices (shown
in Fig. S15, Fig. S16, and Fig. S17), including the c12 and
c2 subunits, as well as the a4 and a5 helices. We found that
the Coulomb interaction between the c1 TM1 and the c12
subunit provides the major repulsive force for the TM1 of
the c1 subunit to become twisted. To identify which residues
of the c12 subunit contribute to the repulsion, we calculated
the energies between the TM1 of the c1 subunit and each
residue of c12 subunit, as shown in Fig. S17, and found
that Asp-61 and Lys-34 of the c12 subunit are the two essen-tial residues that induced the twisting motion of the N-ter-
minal helix of the c1 subunit.
Correlation map analysis of residue pairs
in the interface of the a-c complex
The correlation maps for the relative motions between the
residue pairs of the c1, c12 subunits and TM4, TM5 of
subunit a (aTM4 and aTM5) for the unlocked case were
calculated to further analyze the effects caused by electric
fields. The correlation coefficients of these interfacial resi-
dues are shown in Fig. 6, A–C. It can be observed very
clearly that external electric fields reduce the residue-residue
correlations significantly. This observation is further sup-
ported in a more quantitative manner by the histogram anal-
ysis of correlation coefficients, shown in Fig. 6 E. The loss of
correlated motions in the presence of electric fields mayBiophysical Journal 98(6) 1009–1017
FIGURE 6 Residue-residue correla-
tion maps for the unlocked cases. (A)
Ez ¼ 0 V/nm. (B) Ez ¼ 0.03 V/nm.
(C) Ez ¼ 0.03 V/nm. The residue
numbers of the c1 and c2 subunits are
1–79 and 80–158, respectively. High
correlation is indicated by coefficients
approaching þ1, anticorrelation is indi-
cated by coefficients approaching 1.
(D) Locations of highly correlated resi-
dues (residue number of c1: 44–56; c12:
128–136; a4: 199–209; a5: 258–265),
which are in red. (E) Histogram of
correlation maps.
1014 Lin et al.imply that F0 is less stable or more mobile under such condi-
tions. The case of Ez ¼ 0.03 V/nm exhibited the largest
reduction for the correlated motion. Of interest, this case
actually corresponds to the functioning state, in view of the
transmembrane potential, of this motor for ATP synthesis.
Fig. 6 D shows that the highly correlated residues are near
the cytoplasm side. As shown in Fig. 2, B and C, the surface
electrostatic potential of the c1 and c12 subunits is opposite
to the surface potential of aTM4 and aTM5 for the region
near the cytoplasm. Thus, electrostatic attraction plays an
important role in this highly correlated motion, which also
explains why external electric fields can regulate such corre-
lated motions.
In the locked state, the magnitudes of the residue-residue
correlated motions were higher than those of the unlocked
state, and the reduction of correlated motions due to electric
fields was less, as can be seen in Fig. S7.Deuterium order parameters SCD
As a reference, we first calculated the SCD profile of the
bilayer with 512 POPC lipids and the SCD profile of all the
lipids with F0 embedded in the membrane. In Fig. 7 A, it
can be seen that the two SCD curves are quite similar (forBiophysical Journal 98(6) 1009–1017simplicity, only the sn-1 chain is shown). It should be
stressed that the effect of the F0 protein is small even though
the protein/lipid molar ratio is high, which is in good agree-
ment with recent NMR experimental data (22). Fig. 7 B
shows the SCD profile of all the lipids in the presence of elec-
tric fields. Again, these two SCD profiles of all the lipids are
still not very different from the cases of zero fields. There-
fore, the SCD profile calculated by averaging over all the
lipids does not resolve the differences among these systems.
To achieve a finer resolution for dissecting the interactions
among lipids, F0, and the influence of external electric fields,
we then calculated the SCD profiles for different shells of
lipids. The SCD profiles of lipids in different shells are shown
in Fig. 8. Lipids inside the c-subunit and the lipids belonging
to the first shell are more ordered, which is even more prom-
inent for the MD simulation with electric field from the cyto-
plasmic side to the periplasmic side, i.e., the case of Ez ¼
þ0.03 V/nm. Lipids outside the second shell have a shal-
lower SCD profile compared to the case of pure bilayer.
Thus, our results indicate that the F0 protein has the effect
of increasing the deuterium order parameter of the lipids
adjacent to it. Due to tight packing, lipids inside the c-subunit
are the most ordered. The SCD profile of lipids in the second
shell is similar to that of lipids far away from F0. It is
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FIGURE 7 (A) Comparison of the deuterium order parameter profiles
based on averaging all the lipids in the F0-embedded membrane from the
zero-field simulation (D) and pure bilayer simulation (dashed curve). (B)
Comparison of the deuterium order parameter profiles based on averaging
all the lipids in the F0-embedded membrane for three MD simulations
(zero field, D; þEz,B; Ez, *).
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FIGURE 9 Lateral diffusion coefficient profiles of lipids in different
shells surrounding the c ring or within the c ring. Blue curve: zero field;
magenta curve: þEz, green curve: Ez.
F0 under Electric Fields 1015anticipated that the SCD profile of the third shell (or also the
fourth shell) should reveal a less ordered lipid structure,
because we previously showed that the SCD profile of all
the lipids is similar to that of the pure bilayer case, and there-
fore if the first shell lipids are more ordered, the lipids of0
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all SCD profile will be the same. These SCD profiles indeed
behaved as expected, as shown in Fig. 8, C and D.
Lateral diffusion of lipids
The lateral diffusion coefficients of different shell lipids for
three MD cases are shown in Fig. 9.
In comparison to the reference value, the presence of the
F0 sector in the membrane reduced the diffusion motion of
lipids. The diffusion coefficient of lipids inside the c ring
was smallest because of the compactness of this space. The
diffusion coefficients increased when the distance between
the lipids and F0 increased. The diffusion coefficients of
lipids far away from F0 for MD cases with electric fields
were similar to the value of the pure bilayer. This means
that the finite size effect is negligible. The profiles also reveal
that the diffusion coefficients of lipids in the second shell
were similar to the averaged value of all lipids in theD
E
0 12 14
F
FIGURE 8 Deuterium order parameter profile of the
lipids in different shells surrounding the c ring. (A) First
shell. (B) Second shell. (C) Third shell. (D) Fourth shell.
(E) Fifth shell. (F) Lipids inside the c ring. The symbols
are as described in Fig. 7.
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1016 Lin et al.F0-bound membrane system. The lipids in the third and
fourth shells also exhibited enhanced diffusional motion.
The numerical value of SCD appears to be anticorrelated
with that of the diffusion coefficient, and we obtained
a consistent physical picture: if the lipids form a more
ordered structure, they will exhibit reduced diffusional
motion. Furthermore, the existence of the ordered, less-diffu-
sive, lipid-shell structures may help to lubricate the rotational
motion of the c ring.CONCLUSIONS
In this work, we conducted MD simulations to examine the
stability of the Rastogi-Girvin model of the a-c complex of
the F0 section of the motor. We found that the overall archi-
tecture of the Rastogi-Girvin model was maintained, whereas
a twisting motion of the N-terminal helix of the c1 subunit
was observed by means of PCA and porcupine plots.
A correlation map analysis revealed that external electric
fields reduced the residue-reside correlations. We hypothe-
size that the twist of the N-terminal helix of the c1 subunit
in the protonated form may be a necessary intermediate state
in progressing toward the larger conformational transitions.
The NMR deuterium order parameter profile calculated
from all the lipids in the F0-bound membrane of our simula-
tions agrees with recent experimental results (22). Further
analyses of the order parameter profiles, height profiles,
and lateral diffusion revealed very interesting shell structures
of lipids. Such shell structures of lipids remain in the pres-
ence of electric fields, irrespective of their directions. We
believe that the lipid shell structure surrounding the c ring,
along with its structural and dynamical properties, can
provide new insights into the remarkable efficiency of the
rotational catalysis of ATP synthase.SUPPORTING MATERIAL
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